Effects of pH and milk constituents (milk ultrafiltrate and ~:-casein) on denaturation of fl-lactoglobulin were investigated by a dynamic method based on differential scanning calorimetry. The apparent reaction order of /Ltactoglobulin denaturation by the dynamic method was 2.0 over the pH range of 4.0 to 9.0, which is in fair agreement with results by other investigators using more classical methods./3-Lactoglobulin was more stable in the neutral pH region 5.0 to 7.0. The activation energy for thermal denaturation of/3-1actoglobulin was not dependent on pH from 4.0 to 9.0. Activation energy was estimated to be about 125 kcal/mol. Heat of denaturation is larger for pH 5.0 to 8.0 (4.6 cal/g) than at pH 4.0 and 9.0 (4.1 cal/g). Lactose stabilized fl-lactoglobulin against thermal denaturation, and lactose-free milk ultrafiltrate reduced the thermal stability of /3-1actoglobulin. As compared to buffer at pH 6.6, activation energy of fl-lactoglobulin denaturation in milk ultrafiltrate was constant, but heat of denaturation was larger. The rate of thermal denaturation of /Llactoglobulin increased as K-casein content increased. However, activation energy remained constant, suggesting that the enhanced rate was entropy driven.
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Because the natural helix order of some proteins in solution is changed to a random coil by heat treatment, the enthalpy associated with this helix-coil transition also can be observed as a function of time, temperature, and solvent composition by DSC (18) . The use of DSC to investigate protein denaturation has certain advantages over other methods. However, few calorimetric investigations of protein denaturation have included kinetic analysis of the DSC thermograms (2, 8) . The usual isothermal method of obtaining kinetic measures on protein denaturation generally involves a series of experiments in which the protein solution is subjected to combinations of various time constant temperature treatments. However, this method is laborious. Dynamic methods that measure the heat evolution of a temperatureprogrammed sample provide a more rapid technique for the same information.
There is no agreement on kinetic measures of rates of/3-1actoglobulin (fl-lg) denaturation. Gough and Jenness (9) reported that denaturation of fi-lg followed a first order model, and other workers found that /3-1g followed either second order kinetics (13, 19) or two consecutive first order reactions (11, 26) . Moreover, denaturation of t3-1g has not been observed over a wide range of pH. In our studies, we measured t3-1g denaturation in the pH range 4.0 to 9.0, in solutions of simulated milk ultrafiltrate (SMUF), and in the presence of ~:-casein.
INTRODUCTION
Differential scanning calorimetry (DSC) has been used to study kinetics of a number of chemical reactions and physical changes (27) . pH 4.0, .05 M potassium acid phthalate-NaOH for 5.0, and .05 M potassium phosphate monobasic-NaOH for pH 6.0, 7.0, 8.0, and 9.0. The SMUF solution was prepared according to Jenness and Koops (15) , and pH of this salt solution was adjusted to 6.6 with .1 M KOH or HC1. K-Casein was separated from milk according to the method of Zittle and Custer (30) and twice precipitated from ethanol. Protein concentration was determined by our measuring absorbance, and the following extinction coefficients (El% cm) and molecular weights were used: /3-1g, 9.3 at 278 nm, 18000 daltons (24) , and K-casein, 12.2 at 278 nm, 19000 daltons (30) .
Calorimetry
A DuPont Model 990 Thermal Analyzer with a differential scanning calorimeter cell was used. A sample pan containing a volume of distilled water equal to that of the sample (ca. 15 /11) was a reference. Freeze-dried /3-1g was dissolved in .05 M buffer at various pH (4.0 to 9.0). A 15-~d volume of 10% (wt/vol) /3-1g solution was transferred into an aluminum DSC sample pan, and the pan was sealed. The pan was heated from 30 to 120°C in the DSC at a programmed rate of 10°C/rnin, and.areas under the endotherms were measured with a planimeter. Thermograms were obtained on t3-1g solution at various pH and in combination with simulated milk ultrafiltrate (SMUF, pH 6.6), SMUF plus 5% lactose (pH 6.6), and K-casein (pH 7.0). The endothermic peak was analyzed by Equation [2] from the method of Borchardt and Daniels (4):
Where: If temperature dependence of protein denaturation rate constants can be described by the Arrhenius equation, then both activation energy, E a, and rate constant at reference temperature, k R, can be calculated from data obtained from the thermogram.
Equation [3] (derived from [2] and the Arrhenius equation) was used to estimate n, Ea, and k R by nonlinear estimation by BMDP statistical analysis (3) .
Where:
T R = reference temperature [=] K, and R = gas constant -1.987 cal/rnol K.
RESULTS AND DISCUSSION

Differential Scanning Calorimetry Endotherms to Obtain Kinetic Measures
Differential scanning calorimetry has been used to study thermal denaturation of/3-1g (6, 7, 24) . To apply the method, it is necessary to demonstrate that the area of the endotherm is proportional to concentration of undenatured /3-1g. For our system, a linear standard curve of peak area versus undenatured /3-1g was obtained over the range of 0 to 15% (wt/vol)/3-1g concentration.
Generally heat of denaturation and aggregation is reported from the area of the endotherrn, and temperatures of the endotherrns are reported. However, it is also possible to determine kinetic measures on the process from an analysis of peak temperature of the endotherm, shape of the endotherm, or area of the endotherm. To calculate kinetic measures, we chose to use the method of Borchardt and Daniels (4), which is based on peak area, because reproducibility was better than with other methods and standard deviations were smaller.
De Wit and Swinkels (7) also used the method of Borchardt and Daniels to obtain kinetic measures of/3-1g denaturation from DSC curves. They suggested that results from that method were unsatisfactory because of problems associated with locating the base line of the endotherm. Thus, they preferred the method of Kissinger (16) , which is based on the displacement of peak temperature with heating rate. In our experience, Kissinger's method was less reliable because of difficulty in measuring temperatures to within .2°C. We had no difficulty obtaining good base lines for the method of Borchardt and Daniels provided the reference pan was matched closely (in heat capacity) to the sample pan. Heat capacities were matched sufficiently by a reference pan with a mass of water within .2 mg of the sample mass. Because the sample thickness in the pan is small, and temperature differences for heat transfer are small, heat transfer by natural convection would be negligible. Thus, water could be used in the reference pan. De Wit and Swinkels (7) most frequently used .07 M phosphate buffer at pH 6.75 in their reference pan.
Most of our studies were at a heating rate of 10°C/min. However, results were not significantly different when heating rate was varied between 2 and 10°C/min. This agrees with observations by Reed et al. (23) Thermograms obtained from denaturation of /3-1g at various pH are in Figure 1 . Apparent ~'~ reaction order and rate constants for thermal denaturation of/3-1g at various pH are in Table LIA 1. The mean of apparent reaction order in the i range of pH 6.0 to 9.0 is 2.2, and in the range of pH 4.0 to 5.0 it is about 2.8. Denaturation of /3-tg between pH 6.0 and 9.0 can be described by a second order process and below pH 5.0 by a third order process. Denaturation may be changed near the isoelectric point (pH = 5.2). This indicates that the electric charge of /3-1g may influence greatly the reaction mechanism of denaturation. According to De Wit (5) minimal coagulation occurs when whey proteins are heat denatured at pH 6.5. This suggests that the denaturation mechanism of /3-1g probably is changed near pH 6. There have been several 4C) studies on the thermal denaturation of /~-lg. Gough and Jenness (9) concluded that the denaturation was a first order process. In contrast, Hillier et al. (13) fTemperature of maximum deflection; standard deviation .2°C. (19) found also that denaturation of /3-1g followed second order kinetics. Harwalkar (11) followed the denaturation process by specific optical rotation and loss of solubility and observed that denaturation of/3-1g proceeded in two states. Sawyer et al. (26) found the primary and secondary stages of denaturation of /3-1g by starch gel electrophoresis and sedimentation velocity techniques. Using a light scattering method, Stauff (28) concluded that denaturation involved several stages. Using DSC, De Wit and Swinkels (7) found that denaturation of/3-1g between 65 and 70°C could be described as a first order process, but above 70°C denaturation behavior is changed. This was postulated on the observation that the Arrhenius plot obtained from the method of Borchardt and Daniels was nonlinear above the temperature of maximum deflection. This observation was not at all evident from Figure 6 in their paper (7) . Furthermore, they apparently only analyzed their data for first order kinetics. They concluded that the denaturation process involved several steps. Although there appears to be a wide discrepancy, a reaction order to 2.0 could be used to model adequately all data in the literature.
Rate constants for thermal denaturation of /3-1g at 82°C (Table 1, k3ss) show that the rate of denaturation depends on pH and that/3-1g is most stable in the pH range of 5.0 to 7.0 and most sensitive at pH 4.0. Whey protein is most heat sensitive in the range near pH 4.6 and least heat sensitive between pH 2.5 and 3.5 (20) . We did not investigate the pH range below 4.0. However, in the range of pH investigated our results agree with observations by Modler and Emmons (20) .
De Wit and Klarenbeek (6) also compared endotherms for denaturation of ~-lg in the pH range 3.5 to 8.0. As pH increased from 6.0 to 8.0, peak temperature decreased, indicating a decrease of thermal stabiIity. Our data agree with their observations for both k3ss and Tma x (temperature of maximum deflection). However, our study indicates that at pH 9.0 thermal stability increases compared to that at pH 8.0. Furthermore, thermal stability is maximum at pH around 6.0.
The Tma x is given also in Table 1 . This is Tmax for a heating rate of 10°C/min. Riiegg et al. (24) suggested that Tmax was a linear function of heating rate of /3-1g denaturation, but De Wit and Swinkels (7) demonstrated that dependence was not linear. In either case, however, Tmax determined at the same heating rate can be compared directly and related to thermal stability of the system. Thus, a decrease of Tmax indicates a decrease of thermal stability.
Activation energy (Ea) for thermal denaturation of 13-1g was not dependent on pH in the range 4.0 to 9.0. The average E a was estimated to be 125 kcal/mol which agrees with E a = 107 kcal/mol from the data by Hillier and Lyster (13) . This is higher than E a for denaturation of /3-1g of 82 kcal/mol (7) and 72 kcal/mol (9) at pH 6.7, which were determined for first order kinetics. This large difference between our results and those reported byothers seems to be mainly due to reaction order. For a reaction order of 1.0 for our data, an E a of 45 -+ 10 kcal/mol can be obtained at pH 6.0. This illustrates the strong interaction between reaction order and Arrhenius activation energy.
From the data in Table 1 , it appears that pH has a small effect on heat of denaturation because it is larger in the neutral pH region. The heat of denaturation is strongly correlated with activation energy. These correlations may be deduced from the observation that heat of denaturation is correlated with content of the ordered secondary structure of the protein (17) . It could be considered that a high content of the ordered secondary structure is responsible for heat stability by increasing both heat of denaturation and activation energy. The average heat of denaturation over the pH range 4 to 9 was about 4.4 cal/g, which is higher than 3.6 cal/g observed by Hegg (12) and about 3.0 cal/g by Riiegg et al. (24) and De Wit and Swinkels (7). This difference can be due to the different buffer systems and the initial state of protein.
Denaturation of/3-Laetoglobulin in Simulated Milk Ultrafiltrate (SMUF)
Thermograms of 13-tg heated in SMUF with or without 5% lactose did not exhibit much difference from those when ~-lg was heated in buffer. The apparent reaction order and kinetic measures obtained in SMUF are listed in Table  2 . As compared to buffer at pH 6.6, reaction order, Ea, and reaction rate constant at 82°C are not significantly different. The reaction rate of denaturation in the presence of salts and lactose is significantly higher (Duncan's multiple range test, significance 5%) than those in buffer and SMUF solution at pH 6.6. The Tma x in SMUF is shifted I°C lower compared to buffer. In contrast, addition of 5% lactose to SMUF increased Tma x by 1°C. This stabilizing effect of lactose also has been observed with DSC by De Wit (5). Sugars and polyhydric alcohols stabilize globular proteins against thermal unfolding. Recently Arakawa et ai. (1) lactose and glucose is due to the preferential hydration of protein by addition of these sugars.
In these studies, the molar ratio of lactose to /3-1g is about 30 to 1, approximately 1/30 of that in milk. Thus, any effect of lactose in these studies may be amplified in milk. This is an area worthy of further research.
Effect of K-Casein at Different Molar Ratios of K-Casein/#-Lactoglobulin
Thermograms of /3-lg in the presence of K-casein are in Figure 2 , and kinetic measures are listed in Table 3 . The DSC thermogram of g-casein has no endothermic peak up to 120°C. Reaction order is about 2.3, and the average E a is 126 kcal/mol in the presence of K-casein. Our results indicate that ~3-1g is less stable in the presence of K-casein. Sabarwal and Ganguli (25) found that casein micelles have a stabilizing effect and interpreted this as due to removal of the free-SH groups from /3-lg through complex formation with K-casein. Tessier and Rose (29) observed that addition of K-casein to milk having a maximum and a minimum in the heat stability-pH pattern (Type A milk) eliminated the minimum in the pH range of 6.7 and 6.8. However, Morr (21) observed that the smaller micelles, richer in K-casein, showed less stabilizing capacity than larger micelles. Hillier and Lyster (13) reported the effect of casein depends upon temperature: /3-1g is more stable in the absence of casein up to 95°C, but at higher temperatures ~3-1g becomes less stable. Guy et al. (10) reported denaturation was less in ultrafiltrate than in skim milk. ltoh et al. (14) also reported that Tmax of endothermic peaks of /3-1g shifted to a lower temperature with an increase of K-casein concentration.
Parker et al. (22) postulated that denaturation of /3-1g will occur more readily with serum K-casein than with micellar K-casein. Tessier et al. (29) reported that when milk is heated, the /3-1g presumably can interact with itself, with soluble casein, and with K-casein exposed on the micellar surface. The molar ratio of serum K-casein to ~3-1g could be an important factor during heat treatment. Because the concentration of serum K-casein in milk is not known exactly, we cannot compare the effect of K-casein on ~-lgwith the practical heat treatment of milk. Because E a is independent of K-casein concentration, it is postulated that K-casein enhances the rate of denaturation through an entropic effect. It is likely that hydrophobic amino acid residues of j3-1g are exposed by adding K-casein, thus making {Llg more amphophilic. The effect of ~-casein on/3-1g denaturation could not be determined quantitatively because ~-lg was precipitated by added t3-casein.
